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H \ Abstract 

& i 

In earlier publications we have analyzed the strong and radiative decays of 
heavy hadrons in a formalism which incorporates both heavy-quark and chiral 
symmetries. In particular, we have derived a heavy-hadron chiral Lagrangian whose 
coupling constants are related by the heavy-quark flavor-spin symmetry arising 
from the QCD Lagrangian with infinitely massive quarks. In this paper, we re- 
examine the structure of the above chiral Lagrangian by including the effects of 
1/rriQ corrections in the heavy quark effective theory. The relations among the 
coupling constants, originally derived in the heavy-quark limit, are modified by 
heavy quark symmetry breaking interactions in QCD. Some of the implications 
are discussed. 
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1. Introduction 

In this and a subsequent paper, we would like to examine various symmetry 
breaking corrections to the strong and electromagnectic decays of heavy hadrons. 
There are two different kinds of symmetry breaking effects on the chiral dynamics 
of heavy hadrons: the 1/mg corrections from the heavy quarks and the finite- mass 
effects from the light quarks. We will focus on the corrections in this work 

and leave the discussion on SU(3) breaking effects to the forthcoming paper [1]. 

As is well known, the QCD dynamics in the limit of infinite quark mass ex- 
hibits a new spin-flavor symmetry which is known as the heavy quark symmetry 
(HQS) [2,3]. Corrections to this symmetry limit can be systematically incorporated 
into the heavy quark effective theory (HQET) of QCD where symmetry breaking 
effects are summarized by higher- dimensional operators suppressed by powers of 
1/mg [4-9]. Such an effective theory has been a powerful tool to analyze weak- 
transition form factors of heavy hadrons containing one single heavy quark [10]. 
We have recently, among others, initiated a study of strong and radiative decays 
of heavy hadrons by deriving a heavy-hadron chiral Lagrangian which obeys con- 
straints from the heavy quark symmetry [11-17]. As the idea of synthesizing the 
heavy-quark and chiral symmetries receives growing attention, there remain im- 
portant issues to be explored. Especially, implications of the aforementioned 1/mg 
corrections to the structure of the heavy-hadron chiral Lagrangian have not been 
systematically studied [18]. Since the charmed quark is not particularly heavy com- 
pared to the QCD scale, such corrections can be important in the chiral Lagrangian 
for charmed hadrons. 

As an example to illustrate the issues involved, consider the heavy-meson chiral 
Lagrangian given by Eq.(2.16) of Ref.[17]: 

C%. = D^PD^P^ - M 2 P PP^ + fy/M P M P . (PA^P*^ + P*A^P^) 

-\P*» V P;1 + M 2 P *P*»P$ (1.1) 

+ \ge^{P*^A x P^ + P™A X P*^), 
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where P and P* are the ground-state heavy mesons with quantum numbers J = 
0~ and 1~ respectively, and 

P;t = DyF? - D V P;\ (1.2a) 

= 9 M P;t + v^pt _ ieA^Q! - QP?), (1.26) 

and a similar definition for the covariant derivative D^P^ . In Eq.(l.l) A M is the 
electromagnetic field whereas V M and are respectively the chiral vector and 
chiral axial fields (see Ref.[17] for more detail). The prediction from heavy quark 
symmetry consists of two parts. The flavor symmetry implies that the coupling 
constants / and g are the same for any heavy flavor. The spin symmetry relates 
the two parameters by 

9 = \f- (1-3) 

Similar predictions have also been obtained for the heavy baryon chiral Lagrangian. 
These predictions help reduce the number of unknowns in the heavy-hadron chiral 
Lagrangian. For instance, the D*Dn and D*D^y coupling constants are related 
to those of D*D*ir and D*D*^y respectively. This is crucial since the latter two 
couplings are very difficult to measure in practice. With the knowledge of above 
coupling strengths, the predictive power of the heavy meson chiral Lagrangian is 
greatly enhanced. However, success of such a scheme demands an assessment of 
how large the l/m,Q corrections are. The purpose of this paper is to study such type 
of 1/mg corrections which modify the various HQS relations among the coupling 
constants. At present, we do not attempt to give a quantitative predictions on the 
sizes of various 1/rriQ effects. A quantitative analysis will be presented in a future 
publication. 

As is well-known, there are two energy scales in the chiral perturbation theory 
involving a heavy hadron: the mass of the heavy hadron Mjj and the the chiral 
symmetry breaking scale A x . In principle, one may expand the theory in inverse 
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powers of these two scales. However, because the heavy hadrons have large masses, 
the derivatives acting on the heavy hadron fields will produce large momentum 
factors. This complicates the power counting procedure. This difficulty is overcome 
by a simple observation. Strong and electromagnetic interactions at low energies 
of a heavy hadron with other light hadrons are governed by the energy scale Aqcd 
which is much smaller than Mjj- Consequently, the four momentum of a heavy 
hadron has only fluctuations of the order of Aqcd throughtout its history. Its 
momentum can, therefore, be parametrized as 

P= Mjjv + k, v 2 = 1, (1.4) 

where k is of order Aqcd- In accordance with the parametrization, one introduces 
a velocity-dependent field H v (x) by [12,19] 

H{x) = e- iMHV - x H v (x), (1.5) 

where H(x) is the standard field operator for a heavy hadron. The velocity- 
dependent field H v (x) carries only the residual momentum k. It follows from 

(1.5) that 

d^Hix) = e- iM « v - x [-iM H v^H v {x) + d^H v (x)]. (1.6) 

The dependence on the large mass Mjj is now made explicit: the second term in 

(1.6) is of order k/Mjj relative to the first one. In terms of H v (x), derivatives acting 
on the heavy hadron and Goldstone boson fields are treated on equal footing, and 
a consistent 1/Mjj and 1/A X expansion can be developed for the heavy hadron 
chiral Lagrangian. 

The velocity-dependent fields for the 0~ and 1~ heavy hadrons of (1.1) are 

P{x) = e- iMp * v - x P v (x), (1.7a) 

P;{x) = e- iM ^P v ^(x), (1.7b) 
4 



v-P*(v) =0. 



(1.7c) 



To simplify our notation, we write P(v) = P v (x) and P£(v) = P* ^(x). Retaining 
only the leading terms, we obtain 

C^ pp . = -2iM P *P{y)v ■ DP\v) + 2iM P *P* fl (v)v ■ DP*\v) 

+ AM 2 P(v)P\v) + fy/MpMp* [P(v)A»P£\v) + P*(y)A»P\v)\ (1-8) 

with 

AM 2 = Mp, - M%. (1.9) 

Note that we have neglected terms which are suppressed by 1/Mp* comparing with 
the leading contributions. Therefore, C^PP* * s ^ ne leading-order heavy-meson chi- 
ral Lagrangian in the double expansions of 1/Mp* and Goldstone-boson momenta. 
Before proceeding further, we should like to make two remarks on the Lagrangian 
^vPP*- First of all, the parameters Mp and Mp. in Eq. (1.8) are taken to be the 
physical masses of the heavy mesons P and P* respectively. This accounts for the 
appearence of AM 2 P(v)P^(v) in Eq. (1.8). Theoretically, we expect 



M P * - M P = 0[ — ^ , (1.10) 




so AM 2 is of order Aq CD and it is a simplest 1/Mjj correction to the leading terms 
of £^pp* which we keep. Second, the coupling constants / and g are no longer 
assumed to satisfy the spin symmetry relation (1.3). 

It has been noted by Luke and Manohar [20] that the structure of the 1/Mjj 
expansion must satisfy the "reparametrization invariance" which is a conseqence 
of the nonuniqueness of the parametrization (1.4). The four- velocity v and the 
residual momentum k can be arbitrarily chosen so long as v 2 = 1 and k ~ Aqcd << 
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Mjj. For consistency, the heavy- meson chiral theory must be invariant under the 
transformation 

v^v + r/Mp*, k->k-r, (1.11a) 

(v + r/Mp*) 2 = 1. (1.116) 

This leads to the conclusion that a reparametrization-invariant heavy-meson chiral 
Lagrangian, which we denote as Cpp*, must have the following structure [20] 

Cp P * = J2£v,PP*(P(v),P*»(v),Wn, (1-12) 



where 

W, = + (1.13a) 
p*m( v ) = p *a^) _ y u J_ \!LL . (i.i3 & ) 

Mp* 

Therefore, to maintain the reparametrization invariance to order 0(1/ Mp*), the 
Lagrangian is agumented to be 

C^ pp . = - M 2 P *P(v)(W 2 - l)P\v) + M 2 P *P*^v)(W 2 - l)P;\v) 

+ AM 2 P{v)P\v) + f^MpMp* [P{v)A»P*\v) + P^A^P^v)} 
+ iM p *ge^xK[P**{v)Vv v A X P* K] (y) + P*»(v)A x W v P* K \v)\. 

(1.14) 

The prescription (1.13) uniquely determines the terms of order 1/Mp* necessary 
to ensure the reparametrization invariance of C^ ppt . These 1/Mp* corrections 
are essentially kinematic in nature. They are important, but they can be retrieved 
by following the prescription (1.13). However, there are other 1/Mp* contribu- 
tions which are reparametrization invariant by themselves, but at least contain 
two derivatives. It should be pointed out that the original Lagrangian (1.1) is 
reparametrization invariant. Eq.(1.14) follows simply from Eq.(l.l) by keeping 
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the first two leading orders in the 1/Mjj expansion using Eq.(1.7) (in particular, 
Eq.(1.7c) should hold to order 1/M#). The requirement of reparametrization in- 
variance will become more useful as the 1/Mjj expansion is carried out to higher 
orders, or when we deal with new situations [21]. 

There is another type of 1/Mp. corrections which will be the focus of the 
present work. In contrast with the previous corrections, these are dynamical in 
nature and they arise from taking into account the I/ttlq terms in HQET. It is 
well known that the following two operators in HQET break the heavy-quark spin- 
flavor symmetry at the order of 1/mg [7,8]: 

C = h v iv ■ Dh v + £/, (1.15a) 



£j=Oi + 2 , (1.156) 
Ox = -^—h v {iD) 2 h V) (1.15c) 

2 = ^h v {- X -g a a^ v )h v . (1.15d) 

Specifically, the operator 0\ breaks the flavor symmetry, and the operator O2 
breaks both the flavor and spin symmetries. To the first order in the Goldstone 
boson's momentum, the only effects of 0\ and O2 are to make I/ttlq corrections 
to the coupling constants / and g which appear in Eq.(1.14). To order I/itlq, we 
may write 

f = fo + fc^-, (1.16a) 

9 = 9o + 9c7r— , (1.166) 
2rriQ 

where go = ^/o, and A is an arbitrary mass scale. Presumably, the value for A 
should be chosen in such a way that f c ~ /o and g c ~ go. Under this requirement, 



7 



it has recently been argued that the parameter A is of order A x rather than Aqcd 
[22]. However, we will take no position on this point as it is still not widely 
accepted. 

We observe that the two types of 1/Mff (1/mg) corrections discussed above 
have distinct characteristics. The 1/Mff correction demanded by reparametrization 
invariance introduces new structures which modify the leading order Lagrangian. 
The other, dynamical corrections of order 1/mg produce heavy quark symmetry 
breaking contributions to the coupling constants in the leading order Lagrangian 
but they do not alter the structure of the Lagrangian. The two effects together 
provide the complete 1/Mff (1/mg) corrections to heavy quark symmetry. Since 
1/Mff = 1/mg + 0(l/mg), there is no need to keep the difference between 1/Mff 
and 1/mg at this order. 

So far, we have used the heavy meson dynamics as an example to discuss 
the various issues in the 1/Mff (1/mg) corrections to the heavy quark symmetry. 
Clearly, we can carry out a similar discussion for heavy baryons on reparametriza- 
tion invariance and dynamical corrections to the coupling constants. 

With the issues in the 1/Mff (1/mg) corrections clearly defined, we will con- 
centrate our attention in what follows on interactions between the heavy hadrons 
and the Goldstone bosons with a single derivative. Section 2 is devoted to a study 
of the 0(1 /tuq) correction to the coupling constants for both strong and elec- 
tromagnetic interactions in the heavy meson secetor. A similar study for heavy 
baryons is carried out in Section 3. We will employ the method of interpolating 
fields extensively utilized in Ref.[17]. We find that all the heavy quark spin sym- 
metry relations among the coupling constants (both strong and electromagnetic) 
are completely broken by 1/mg corrections. 

Finally, in Section 4 we make some concluding remarks and we shall com- 
ment on the work done by Randall and Sather [23] concerning the SU (3)-violating 
corrections to the heavy- meson hyperfine splitting, which is a typical 0(l/mg) 
phenomenon. As we shall point out, the calculation performed in Ref. [23] is 
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incomplete, namely it does not include all the corrections of order 1/mg. 
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2. l/m,Q Corrections to the Dynamics of Heavy Mesons 



In this section we shall study the 1/itlq corrections to the coupling constants 
of the heavy-meson chiral Lagrangian given by Eqs. (2.16) and (2.19) of Ref. [17]. 
First of all, we shall rewrite the chiral Lagrangians £pp» and £pp„ in terms of 
velocity-dependent fields and retain only the leading terms in the 1/Mjj expansion. 
The velocity-dependent version of £pp* is given by Eq. (1.8), which we recall here 
for convenience: 

C^ pp , = -2iM P *P{v)v ■ DP\v) + 2iMp«P*^{v)v ■ DP*\v) 

+ AM 2 P{v)P\v) + f^/MpMp, [P(v)A»P;\v) + P*{v)A»P\v)\ (2.1) 
+ 2*M P * ge^ XK P*»(v)v»A x P*«\v), 

with 

AM 2 = Mp, - Mp. (2.2) 

Substituting Eqs. (1.7a) and (1.7b) into £p P * which describes the radiative transi- 
tions, we obtain (see Ref. [17] for notations) 

4 2 pp, = y/M P M P ^ va pv a P^{v)[^Qi + £Q^) + d'Q']F^P\v) + h.c. 
+ id'M P .F ia ,P* v {v)[ 1 <2 - \{^Qi + {;Q^)}P*^(v), 

(2.3) 

where Q! is the heavy-quark's charge and Q denotes the charge matrix of the light 
quarks: 

(I \ 

Q= -i . (2.4) 

\0 -\) 

Note that, contrary to Eq. (2.19) of Ref. [17], we do not need to subtract from 
C> v pp* the normal magnetic moment term of P* induced by the minimum substi- 
tution. This is because such contributions are not among the leading terms kept 
in (2.3). 
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As indicated in Eqs. (1.16a) and (1.16b), every coupling constant in C^PP* anc ^ 

(2) 

C v P p* can be expanded in powers of l/rriQ. In particular, we have written there 
the expansion for coupling constants / and g: 

/ = /o + /c^, (2.5) 

and 

g = go J rg c ^- ■ (2.6) 
The zeroth order contributions /o and go are related by HQS [11], namely 

90 = \h- (2.7) 

To compute the I/ttlq corrections to fo and gQ, we insert operators 0\ and 2 , 
defined in Eqs. (1.15c) and (1.15d), into the relevant decay amplitudes: 



AM = AM[P*(v, e) -> P(v) + 7i a (q)} 
= j-q" {P(v)\iT J d 4 x[O 1 (x) + O 2 (x)]A;(0)\P*(v,e)), 

AM' = AM[P*{v, e) -> P*(v, e') + 7r a (g)] 
= yt (P*(v,e')\iT J d*x[0!(x) +O 2 (x)]A a ^0)\P*(v,e)) . 



(2.8) 



(2.9) 



To determine the general Lorentz structure of Eqs. (2.8) and (2.9), we recall that 
the interpolating fields for pseudoscalar and vector mesons are given by [24]: 

P*(v,e) = qtK^/Mp~;. (2.106) 

Since we will keep only leading terms in the 1/Mjj expansion, we can simply 
neglect the l/Mjj corrections needed for reparametrization invariance. For the 



11 



same reason, we can also neglect residual momenta k and k' in Eqs. (2.8), (2.9) and 
(2.10). Furthermore, we shall treat contributions from 0\ and O2 separately. Since 
0\ preserves heavy quark spin symmetry, its contributions to both amplitudes must 
be of the following forms: 

A Mi = -^^^/M P Mp*(e ■ q)u(P*)*^-u(P), (2.11a) 
U m Q I 

AM[ = -^M P MPy^u(P f ye^e'»v x e K , (2.116) 

h™>Q 2 

where u(P*), u(P) and u(P'*) are isospin wave functions of the heavy mesons, and 
a is a constant independent of heavy quark masses. 

The contributions from O2 are given by 

AM 2 = --^-r {P{v)\iT / d 4 xh v a al3 G a/3 h v (x)A;(0) \P*(v,e)) , (2.12a) 

AM 2 = ~^J- (P*(v,e')\iT J d A xh v a^G ap h v {x)A a ^) \P*(v,e)) . (2.126) 
To evaluate AM 2 and AMg, we make use of Eqs. (2.10a) and (2.10b) to obtain: 



g a q»y/MpMp* ( l+j> af) l + f 



am 2 = _ 9sq fl VM P Mp l ^ T r ^^^^^^^(^^(o)^ qv | Q) 

(0\iT J d A xq v G aP Alq v \^, 

(2.13a) 

AM , = _ g s q^Mp*M P l j ^ 'h v h v a^G a ph v (x)A a J0)h^ q v |0) 

= ^^tr 'i±^i±^ (0| .T / d 4 x qv G^ |0)) . 

(2.136) 

Both of Eqs. (2.13a) and (2.13b) contain a matrix element which describes the 
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dynamics of light constituents: 



M a /3n = (0\iT J d*xq v G af3 A°q v |0) 

= u (Py^-u(P)[e a ^ u (bv" + cY + d^fi ) + e ll5 a aP v^ (214) 
+ ^275(^7/3-^70)], 

where b, c, d, e\ and e 2 are constants independent of heavy quark masses. Note 
that we have suppressed the g-dependent terms since they correspond to higher- 
dimensional terms in chiral expansion. The right hand side of Eq.(2.14) is the most 
general expression consistent with the symmetry properties of its left hand side. 
Substituting Eq.(2.14) into Eq.(2.13) yields 

AM 2 = _ 9sVMpM P , x Au (pyTl u ( P )( b - c + d + 2e 2 ), (2.15a) 

4mQ/ 7r 2 



AM , = _gsMp_ x Uu{P yll u{P >* ){b _ c + d ) e ^ a ^ £ '^ £ P. (2.156) 

Since AM and AM' can also be computed through the chiral Lagrangian by ex- 
panding 

A, = -jU l -rV) + ... ) (2.16) 
hence the AM and AM' given by (2.11) and (2.15) imply 

f c = ^[a-(b-c + d + 2e 2 )], (2.17a) 



and 



9c=j[a + (b-c + d)}. (2.176) 



It is clear that g c ^\fc in general. 
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We note that the same combination b—c+d appears in both f c and g c . It means 
that the corrections f c and g c are characterized by three parameters a, b — c + d 
and e<£. We will now show that e 2 is zero, so actually there are only two unknowns 
to describe the two coupling constants f c and g c . The two processes P* — > P + n 
and P — > P* + 7r are related by charge conjugation, and the appropriate coupling 
constants are / and /*, respectively. In Eqs.(l.l) and (1.8), it is implicitly assumed 
that / is real; this can always be accomplished with a judicious choice of phases 
for the field operators of the heavy mesons. We will assume that this is done. Let 
us denote 

AM" = AM[P(v) -> P*(v, e) + % a {q)], (2.18) 

which can be computed by the same procedure for computing AM. We find that 
AM" also depends on M a p^ given by (2.14). Indeed, we obtain 



AM" = _ 9sV M pM P * x ± u{p yTl u{P){h - c + d - 2e 2 ), (2.19) 

4mQ/ 7r 2 



which gives 



fc = 2 -j-[a-(b-c + d-2e 2 )}. (2.20) 



We now demand f c — f*. A comparsion of (2.17) and (2.20) yields e 2 = 0. Finally, 

f c = 2 J±(a-b'), (2.21a) 



and 



where b' = b — c + d. 



g c = y±(a + b>), (2.216) 



(2) 

To discuss 1 / rriQ corrections to the coupling constants in C y v p pt , we shall 
treat the heavy-quark and light-quark electromagnetic currents separately. In the 
case of the heavy-quark electromagnetic current, the relevant coefficients d' and 
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d" / -f are both of order 1/mg because they arise from the magnetic moment of the 
heavy quark. As pointed out by us [17] and by others [15,16], these couplings 
are rigorously determined by the heavy quark effective theory. For completeness, 
we shall reproduce the results here. First of all, the heavy-quark electromagnetic 
current in the effective theory to order 1/mg can be written as [9] 



i T 



Jf = K'lyhv - ^-Mf 7m - i^P ) h v 

Q 

— % — 4 — 4 — % — 

= K'lvhv - 2^7- K'iPln + l^P)K + -^-d v {h v ^ [ pi v h v ). 
Q Q 



(2.22) 



Using the identity 

l^lv = fiV - iv^, (2.23) 

the Gordon decomposition 

hy'lfj-hv = ^h V '(v' + v)^h v + ]^ihv>(?iiv{v' - v) v h v , (2.24) 

and the identity 

(Hf(v') \ d^Qiv'Thv) \Hi{v)) = iA(v' - v)» (H f (v')\h v ,Th v \Hi(v)) , (2.25) 

with Hf and Hi being generic hadronic states and A = Mjj f — rriQ = M#. — tjiq, 
we finally arrive at 

37 = \hvW + v)^h v - ^—k v h v ,a^h v + Of, (2.26) 

where k v = —Mjj(v' — v) v ', and 

of = -—K^D^K - -£—{v' - vr~h vn ^h v . (2.27) 
^ mg 2mg 

In Eq.(2.26), we have used the notation = to remind the reader that such rela- 
tion holds only after taking the matrix element. The contribution due to O™ 
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is negligible since it cannot change the normalization of J^ m at v — v', and its 
contribution to the anomalous magnetic coupling is necessarily of order The 
first term in Eq. (2.26) corresponds to the convection current of the heavy quark, 
which has already been taken into account in C^ pp ,. The second term, which is 
of order 1/mg, will contribute to the coefficients d! and d"^y in C^ pp «. There is 
another source of corrections which arises when one evaluates the time-ordered 
products of ^h V '(v' + v)^h v with the symmetry-breaking operators 0\ and Oi- 
However, these contributions vanish at v — v' since the normalization of the vector 
current is already fixed at the leading order. Consequently, to order 1/mg, the 
parameters d! and d" r y are solely induced by the second term on the r.h.s. of Eq. 
(2.26): 

If = (P*(v',e')\ % ^k v h v ,o^h v \P*(v,e)) \ v=v >, (2.28a) 

= (P(v')\ % ^k v h v ,a^h v \P*(v,e)) \ v=v , (2.286) 

The evaluation of F® and F® is straightforward with the aid of Eqs. (2.10a) and 
(2.10b). Taking F® as an example, we convert the matrix element in Eq. (2.28a) 
into: 



F u = 7T^-k u M P * (0| q v rf 'hy'hy'a^hvhv^ q v |0) \ v=v > 



2m Q 

where [2] 



h»M P * tr U '—JLa^—JLf (0| q v q v , |0) \ v=v ,\ , 



(2.29) 



(0| q v q v > |0> \ v=v , = £(v -v' = \) = \. (2.30) 
Working out the trace, we obtain 

FQ = _ eQ ' Mp * f £ £ ' . k _ £ > £ . k \ (2.3i a ) 
m<3 
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Similarly, we have 



= Je&VWMF 
rriQ 



Comparing Eq.(2.31) with Eq.(2.3), we obtain 



d' = — , d" 7 = — . (2.32) 

2mQ rriQ 



To determine d and d", we need to consider the form factors induced by the 
light-quark electromagnetic current. To order 1/wiq, we have 

d = do + d c , (2.33a) 

2mg 



d" = d'J, + d"-^—. (2.336) 
As discussed in Ref.[17], one can apply the heavy-quark spin symmetry to obtain 

do = ~4- (2-34) 

To see whether d c and d" c obey the same relation, we evaluate the following magnetic 
form factors induced by the light quark electromagnetic current = eqQ^^q: 

F^ = (P*(v,e')\tT J d^xp^x) +O 2 (x)]jfr(0)\P*(v,e)) rn , (2.35a) 



F, = (P{v)\iT J d 4 x[O 1 (x)+O 2 (x)] 3 ; m (0) \P*(v,e)) m , (2.356) 

where the subscript m indicates the fact that we keep only the magnetic interac- 
tions. To evaluate and F^, we again employ the technique of interpolating fields 
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[24] to obtain 

Ffj, = (0| iT J d A xq4 X[Oi(x) + O 2 (x)]^ m (0) V ?« |0) m , (2.36a) 



and 



F^ = (0\iT J d*xq v i 5 hv[Oi{x) + O 2 (x)]j^ m (0) M g w |0) ro . (2.366) 

For convenience, we shall treat contributions by 0\(x) and 02(x) separately. Their 
contributions are denoted by (F^) and F^ (F^) respectively. As 0\{x) preserves 
the heavy-quark spin symmetry, F^ is related to F^ in such a way that 



F l = ?W8 Mpm ( > . }, _ £ / . fc)> (2 37a) 



and 



with ai being a constant independent of the heavy quark mass. For simplicity, we 
have set the charge matrix Q — 1 and suppressed the flavor quantum numbers 
while obtaining Eqs.(2.35) and (2.37). To compute F^ and F^, we apply Eqs. 
(2.10a) and (2.10b) to obtain 



Fl = - 9j ^ (0| iT j d 4 xq v f 'h v h v <J af3 G a/3 h v (x)j; m (0)h v ^ q v |0) 
= ^tr '^ofl^t-t (0| iT / q v G aP f™q v |0)) 



^ 2 = _ g ay /MpMp. (0| . T | faq^J^ortG^Wj^hJ Qy | ) ? 

: tr ^i^-^^-^OUT | ^G^^l )) 



4mQ 



(2.386) 
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The non-perturbative dynamics of the light constituents can be parametrized as 



Kfiv = (01 iT J d*x q v G af3 j; m q v |0> 

where fc is the outgoing photon momentum and b\ is a constant independent of 
the heavy quark mass. In Eq.(2.39), we kept only structures linear in k relevant to 
magnetic interactions. With this to be understood, Eq.(2.39) then represents the 
most general Lorentz structure for M' a p which is consistent with gauge invariance, 
parity conservation, and the constraint M' a p = —M'^^. Substituting Eq.(2.39) 
into Eqs. (2.38a) and (2.38b), we obtain 

2 = -g s M P * ^ k _ 



it = ig,V ^^ W^. (2.406) 
Since the results in Eqs. (2.40a) and (2.40b) can also be obtained from the La- 

(2) 

grangian C v ppt , we can hence make the following identifications: 

d c = ^(2ai + 6i), (2.41a) 



4'= ^(_2ai + 6i). (2.416) 

It is clear that d c ^ —\d" c in general. 

Eqs. (2.21) and (2.41) are the main results in this section. 
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3. 1/rriQ Corrections to the Dynamics of Heavy Baryons 

In this section we study the 1/itiq corrections to the coupling constants ap- 
pearing in the heavy-baryon chiral Lagrangian and given by Eqs. (3.8) 
and (3.9) respectively in Ref. [17]. In terms of velocity- dependent fields, 

4!b = l^[Bs(v)(tv ■ D)B- 3 (v)} + tr[B 6 (v)(iv ■ D)B 6 (v)] 
-tr[B*»(v)(ivD)B* 6(x (v)\ 

+ gi tT[B 6 (v) W A»B 6 (v)} + g 2 tv[B 6 (v) ltll5 A^B- 3 (v)} + h.c. (3-1) 
+ g 3 tr[B^(v)A»B 6 (v)} + h.c. + gMBT(v)A^B 3 (v)] + h.c. 
+ 25tr[5 6 *>) 7 ^75^56>)] + g6tr[B- 3 (v) W A^B- 3 (v)}, 

with 

D^B(v) = dpBly) + V^B{v) + B(v)V/ + ieQ' A^B(v) + ieA^Q, B(v)}, (3.2) 

where as before Q = diag(|, — ^, — ^) is the charge matrix of light quarks and Q' 
is the charge of the heavy quark Q. Note that we have omitted those terms which 
are induced by mass differences between various baryons. 

It is well known that baryons do not behave much like Dirac point particles. 
As a result, they can have large anomalous magnetic moments. The most general 
gauge invariant Lagrangian for magnetic transitions of heavy baryons is given by 

4 2 B = aMB 6 (v)Qa ■ FB 6 (v)} + a' 1 tr[ J B 6 (^)QV • FB 6 (v)} 

+ a 2 tr [B 6 (v)Qcr ■ FB 3 (v)} + h.c. + a 2 tr[B 6 (v)Q'cr ■ FB 3 (v)} + h.c. 

+ aM^x^^QYF^Beiv)} + h.c. 

+ a' 3 tr[e^ XK B^(v)QYF x «B 6 (v)} + h.c. 

+ aM^vX.B^{v)QYF^B 3 {v)} + h.c. 

+ a'M^x K B^(v)QYF XK B 3 (v)} + h.c. 

+ a 5 tr[B^(v)Qa • FB^(v)} + a' 5 tr[B^(v)Q'a ■ FB* 6fx (v)} 

+ a 6 tr[B 3 (v)Qa ■ FB 3 (v)} + a' 6 ti[B 3 {v)Q'(x ■ FB 3 (v)}. 
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(2) 

The Lagrangian C v B is also the most general chiral-invariant one provided that 
one makes the replacement 

Q^\(tfQZ + tQtf), Q'^Q'- (3.4) 

Note that, contrary to Eq. (3.9) of Ref.[17], we do not need to subtract from 
Eq.(3.3) the Dirac magnetic moments of the heavy baryons, because C^ B is now 
expressed in terms of velocity dependent fields and consequently contains no Dirac 
magnetic moments to the lowest order. The magnetic couplings a\ are induced by 
light-quark electromagnetic currents whereas a[ are induced by heavy-quark ones 
and they are of order 1/rriQ. 

To incorporate 1/mg corrections, we expand the coupling constants in C^ B 

(2) 

and C) o as follows: 

cii = a® + a\ . (3.56) 

Let us first focus on the coupling constants (?j's in C^ B - The relations among the 
leading terms gf are governed by HQS [11]. They have been derived by evaluating 
the decay amplitudes B% — >■ B^ + tc, B g (Bq) — >• B^ + ir, and Bq(Bq) — >• B g (Bq)+it. 
The results can be summarized as follows: 

gl-^-gl i = -\ 9 l (3.6a) 

g\ = -V3g° 2 , (3.66) 

gl = 0. (3.6c) 

The result g® = follows from the fact that, in the heavy quark spin symmetry 
limit, the strong transition between antitriplet baryons is forbidden by parity con- 
servation. To relate the sub-leading coefficients gf' s, we insert the operators 0\ 
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and O2 of Eqs. (1.15c) and (1.15d) into the relevant matrix elements. First of all, 
the sub-leading amplitude for B 3 — > B 3 + 7T is given by 

AM 3 [B 3 (v,s)^B 3 (v,s')+7r a (q)} 

= j-q»(B- 3 (v,s')\iT J d 4 x[O 1 (x)+O 2 (x)]A«(0)\B- 3 (v,s)). (3J) 

To determine the general Lorentz structure of M 3 , we employ the following inter- 
polating field for antitriplet baryons [25]: 

B 3 (v, s) = u(v, s)(f) v h v , (3.8) 

where <p v is a Lorentz scalar. One can easily show that 0\ does not contribute to 
M 3 . Denoting the 0\s contribution as AM^ 1 , we then have 

AM 1 [B 3 (v,s)^B 3 (v,s')+n a (q)] 

' q»(B 3 (v,s')\iT [ d 4 xh v (iD) 2 h v (x)A«(0)\B 3 (v,s)) . 



By Eq.(3.8) we may rewrite Eq.(3.9) as 



AM| = — q^u{v,s')u{v,s) (0\iT [ d 4 x <f> v (iD) 2 A°<j>t |0> . (3.10) 

Since we cannot construct an axial vector out of v and q, we conclude that 

(0\iT J d 4 x<j) v (iD) 2 A*(f)t\0) = 0, (3.11) 
and hence AM 1 = 0. The situation is different in the case of 02-insertion. The 



amplitude AM 2 is given by 



AMl = -^j-(B 3 (v,s')\tT J d A xh v a al3 G a/3 h v (x)A*(0)\B 3 (v,s)} . (3.12) 

Applying Eq.(3.8) gives 

AM 2 = -^^u(v,s')^^a^^tu(v,s) (0\iT J d 4 x ^G^A; |0) . 

(3.13) 

Since the diquark field (f> v is a Lorentz scalar, we may parametrize the matrix 
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element of light constituents as 



(0| iT J dtxfaGarflAl |0) = -re aPva ,v v , (3.14) 

where r is a constant independent of the heavy quark mass. We have also neglected 
the flavor wave functions of incoming and outgoing baryons as they are irrelevant 
to our discussion. Substituting Eq.(3.14) into Eq.(3.13) yields 



AMf = ^j^{v, s'){rif>u{v, s). (3.15) 



Comparing this result with Eqs.(3.1) and (3.5), we find 



9% = X' ( 3 - 16 ) 



which is non-vanishing in general. This shows that the decay B% — > B% + n, while 
forbidden in the infinitely heavy quark limit, is allowed in the sub-leading order. 
As a similar conclusion has also been arrived by Cho [18], we would like to compare 
our result with his in some details. 

Cho constructed the following operator to describe the decay B% — > B% + n to 
the order of \jmQ\ 

Otta = —e llvaX fj(v)a^D ir T i (v)(A% (3.17) 
rriQ ^ ■> 

where 

T(v)i = e ijk (B- 3 (v)) jk , (3.18) 

apart from an overall normalization. In Eq.(3.18), {B^)^ is the jk matrix element 
in the baryon matrix B% [11] . The operator Otta is n °t reparametrization invariant 
itself. Therefore, it should be part of one which is. We will now show that Otta 
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is a reparametrization invariant partner to the interaction term in (3.1) with the 
coupling constant g$: 

C 6 ^g 6 tT[B- 3W A tx Bs\, (3.19) 

where it is understood that B% and have velocity v. The reparametrization 
invariant generalization of Cq is obtained through the substitution [20] 



Bo - 1 + 



2Mo 



Bo. 



(3.20) 



The result is 



£6 = ^tr 



Cq + C'q, 



where Cq is given by (3.19) and 



ip 



(3.21) 



C ' 6 = ~ijt tT { B ^^ A " + • (3-22) 



The identity 



(3.23) 



reduces C' 6 to 



4 = -^tr{^(^^ + ^D M )76^ + <S 3 (7 /1I/ (W' i -^' 1 I> , ')76^}. (3.24) 



The first term in (3.24) vanishes as a result of the two identities 



(3.25a) 



(^•75 m kl = o. 



(3.256) 
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The second term in (3.24) can be further transformed with the aid of the identity 



^va\^ v = 2i<7 ffA75 . (3.26) 

Finally, we obtain 

4 = ^WAtr [B- 3 a^(D°A X - A X D°)B 3 ] , (3.27) 

which aside from the factor g§ is Otta in a somewhat different notation. We 
see that as a reparametrization invariant partner to Cq, the coupling constant for 
Otta is given by ge which is of order O^I/uiq). Since the operator Otta already 
contains a factor of 1/mg, its contribution is smaller by one power of 1/wq relative 
to Cq. 

Our next task is to relate g% to g\. To do this, we evaluate the amplitudes of 
Bq — > B 3 + 7r and Bq — > £3 + 7r. With our previous notations, the sub-leading 
contribution is 

AM 63 [B 6 (v, s, k) - B- 3 (v, s') + n a (q)] 

= j-q»(B- 3 (v,s')\iT J d 4 x[O 1 (x)+O 2 (x)}A«(0)\B 6 (v,s,K)), ^ 

where k is used to specify the spin of sextet baryons: k — 1 corresponds to spin-| 
baryons whereas k = 2 denotes spin-| ones. To evaluate AM 6 3, we employ the 
following interpolating fields [17] 

B 6 (v, s, k) = B^v, s, n)^h V) (3.29) 

where 0« is an axial vector field. The wave function B^ is given by 

Bn(v, s ,k = 1) = -J=«( u » S )75(7 M + vj, (3.30a) 

B, J ,(v,s,K = 2) = u l j,(v,s), (3.306) 
with ^(f, s) and -u(t>, s) being the Rarita-Schwinger's vector spinor and usual Dirac 
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spinor respectively. The contribution from the operator O2 gives 

fj, P 

AMI = (B- 3 (v, s')\iT J d A xh v a a PG ap h v {x)A a ^) \B 6 (v, s, «)) 



4mQf„ 

u(v, s ')^JLa a P^-^B»(v, s, k) x (3.31) 



4m Q f n 

(0\iT J d 4 x<f> v G aP A a ^l v \0). 

The matrix element for light constituents may be parametrized as 

M^ a p = (0| <!> v G a pAl4 jV |0) 

= nig^vp - g^v a )v v + r 2 (g„ a V(3 - g v pv a )vf, (3.32) 
+ irz{g a ngp v - gp^gav), 

where ri, r2 and r% are constants independent of the heavy quark mass, and the 
flavor wave functions are neglected for simplicity. This is the most general Lorentz 
structure for M^ a p which is antisymmetric in a and f3. With Eq.(3.32) we can 
immediately conclude that contributions from r\ and r 2 are zero because of the 
identity 

l + i> „ ap l + t 



2 

The contribution due to r% is 



p ^—^v a = 0. (3.33) 



Ail% = -^T^T «<V#>, s, «). (3.34) 
Using (3.30) for the wave function B u , we find 

AM|(6* -> 3) = "2^^ ( 3 - 35fl ) 



AM&(6 - 3) = ~ J^' f ^75« 6 , (3.356) 



where we have used the notations 6* and 6 to denote a spin | and spin \ baryon in 
the sextet, respectively. Eq.(3.35) implies the following corrections to the coupling 



2G 



g% = % ( r> - 4=^3 ) , (3.36a) 



constants g 2 and g^: 

"~ = a V Vs' 

9% = | (-V3r' - r 3 ) , (3.366) 

where we have added the contributions proportional to r' coming from the operator 
0\ which preserves the spin symmetry. 

Finally, we discuss strong transitions among sextet baryons. The contribution 
due to O2 gives 

AM| 6 = (B 6 (v, s', k')\iT J d 4 xh v a a PG af3 h v (x)A«(0) \B 6 (v, s, «)) 



4mg/ 7r 

K'J^L^^LS^t;, 8, k) x 



(0\iT J d 4 x<p v , p G a pA a ^\0). 

The matrix elements of the light constituents can be parametrized as 
M a ^ XK = (0| iT [ dtx^xGapAtylM 



(3.37) 



= v^exa/3n s + e a ^ v v v gx K s\ + e a i3 KV v v gx^s 2 + e a pxvV v 'g ^3 



(3.38) 



where s and Sj are constants independent of the heavy quark mass, and the flavor 
wave functions are again neglected. This is the most general Lorentz structure for 
M a p^xK which conserves parity, and is antisymmetric with respect to the indices 
a and j3. Let us write 

AM - = -4^ A ' (3 ' 39) 

with 

A = B x (v, s', K')a ap B p (v, s, K )M a ^ x ". (3.40) 
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We further denote 

A = A s + Ai + A 2 + • • • + A 6 

for contributions due to s, s\, s 2 , ■ • -sq, respectively. 
Using the properties of the wave functions 

v^B^v.s.k) = 0, 

{i> -l)S>,s,«) = 0, 
7%(«, s) = 0, 

the identity (3.26) and 

ie» vXK ln = (-7^7 V + s M V - + g 

we obtain 

A s = 0, 



A!(6*^6*)= 2siiiV75«A, 



Ai(6* ->6) = -^siuu", 
v3 

Ai(6 -> 6*) = -^si^u, 
v3 



2 

Ai(6 -> 6) = -siM7^7 5 m, 



A 2 (6* ^6*) = A 2 (6* ->6) = 0, 
28 



A 2 (6 -> 6*) = 2v / 3s 2 u /i u, (3.466) 

A 2 (6 -> 6) = -2s 2 M7 M 75M, (3.46c) 

A 3 (6* -> 6*) = A 3 (6 -> 6*) = 0, (3.47a) 

A 3 (6* -> 6) = 2v / 3s 3 «u Ai , (3.476) 

A 3 (6 -> 6) = -2s 3 m 7 ^75M, (3.47c) 

A 4 (6* -> 6*) = A 4 (6 -> 6) = 0, (3.48a) 

A 4 (6* -> 6) = 2v / 3s 4 uu' 1 , (3.486) 

A 4 (6 -> 6*) = -2"s/3s 4 u /i w, (3.48c) 

A 5 (6* -> 6*) = 2s 5 mV75Ma, (3.49a) 

A 5 (6* -> 6) = -—j=s^uu^^ (3.496) 
v3 

A 5 (6 -> 6*) = — -Ls 5 ^m, (3.49c) 
v3 

A 5 (6 -> 6) = ^s 5 M7 M 75M, (3.49a 1 ) 

A 6 (6* -> 6*) = 2s 6 mV75Ma, (3.50a) 
29 



A 6 (6* -> 6) = — ^squu^, (3.506) 
v3 

A 6 (6 -> 6*) = -^=squ»u, (3.50c) 
v3 

A 6 (6 -> 6) = ^s 6 M7 M 75M- (3.50d) 
Collecting all the terms, we find 

AM 2 (6* - 6*) = -^V(si + s 5 + s 6 )« A )h5«A, (3.51a) 

am2 ' 6 * - 6 » = ~2^u (tT 1 + ^ + ^ + 7f 5 - 7f 6 ) 

(3.516) 

AM 2 (6 -> 6*) = -T-^y- ( ^= s i + ^2 - >/3s 4 - ~^s 5 + ^=s 6 ) u^u, 
* m QJn \v3 v3 v3 / 

(3.51c) 

AM 2 (6 -> 6) = -tt^V ( l s i " s 2 - S3 + ^5 + 5^6 ] t#75«, (3.51rf) 
Smg/^ \3 3 3 / 

where we have dropped the subscripts 66 in the corrections to the matrix elements 
AM 2 . When Eq.(3.51) is compared with (3.1), we find 

9s / 1 4 4 

01 = i s + gSi - S2 - S3 + gS5 + gSe), (3.52a) 



A 



2 1 2 \ 

—s' + -j=si + VSs 2 - VSs4 - -j=s 5 + — s 6 j , (3.526) 

<?3 C * = -| + ^=*i + + + -^s 5 - -±=s^j , (3.52c) 

9% = -j ^~s' + si + s 5 + s 6 ) > (3-52d) 

where we have added a term proportional to s' due to the operator 0\ which 
preserves the spin symmetry. As in the heavy meson case, we will assume that the 
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phases for the field operators of the heavy baryons have been so chosen that all 
the coupling constants are real. Then, g% = g%* gives 

S2 - S4 + Sq = S3 + S4 + S5. (3.53) 

We can rewrite (3.52) in terms of the combinations 

s' 2 = s 2 + S3, (3.54a) 

4 = *5 + s 6 - (3.546) 

Finally, we obtain 

9s f / I / . 4 , 
91 = -^ [s+- Sl -s 2 + -s 3 

(3.55c) 

Eq.(3.55) shows that the spin symmetry relations (3.6a)-(3.6c) are completely bro- 
ken at order 0(l/mg) due to the presence of the parameters s\, s' 2 and s 3 . 

(2) 

We now turn to the 1/mg corrections to the radiative interactions >Q^, we 
shall treat the heavy and light quark electromagnetic currents separately. It is 
known that the magnetic couplings a'j-ag, induced by heavy quark electromagnetic 
currents, can be rigorously determined by the heavy quark effective theory [15,17]. 
As in the meson case, coefficients a\- a' G arise entirely from the magnetic moment 
part of Jfj m shown in Eq.(2.26). For antitriplet baryons, we evaluate the magnetic 



(3.55a) 



9l 



A 



3 , 

"2 S 



si 



1 

s 3 



31 



form factor 

G# = (B- 3 (v, s') | ^-k v h v a^h v \B- 3 (v, s)) . (3.56) 

Notice that we have taken v — v' while maintaining a finite photon momentum k v . 
Applying Eq.(3.8) yields 

G% = ^k»u(v, s'^-^a^-^tuiv, s) <0| <f> v <f>t |0) , (3.57) 

with [25] 

(O|0 w 0i,|O)=CKA (3.58) 
and C(i) = 1. After simplifying the gamma matrices and comparing the result 

(2) 

with that given by C v B , we obtain 

For magnetic transitions between sextet and antitriplet baryons, we evaluate the 
following matrix element: 



= (B- 3 (v,s')\ ^-k v h v a^h v \B 6 (v,s,k)) . (3.60) 
Application of Eqs.(3.8) and (3.29) yields 



= ^»u(v, s') l -^a, v l -^B a {v, s, «) (0| V < Q |0) . (3.61) 



Since the diquark fields and 0^ are scalar and axial vector fields respectively, 
the matrix elements (0| <p v <Pv,a |0) must vanish due to conservation of parity. This 
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renders 



a' 2 = 0, 04 = 0. 



(3.62) 



Finally, we evaluate the following matrix elements to determine the couplings a\, 
a' 3 and a' 5 : 

G%„ = (M", s', k')\ ^k»h v a^h v \B 6 (v, s, k)) . (3.63) 
Applying Eq.(3.29), we obtain 

G%, = ^^B a (v, s', ^Ill^Illfify, s, «) (0| |0) , (3.64) 

with [25] 

(0| |0) = -g a M v ■ v ') + ^>M V •«') + •••, (3-65) 

where terms proportional to v a or/and v'n are not shown, as they do not contribute 
to (3.64). The normalization of £1 is given by 

£ l (y-v' = \) = \. (3.66) 

In the v — v 1 limit, the function £2 does not contribute to because 

v^B^ = 0. (3.67) 

One can explicitly work out Gqq by substituting Eq.(3.30) into Eq.(3.64). Com- 
paring results obtained in this manner with those given by the relevant couplings 
in £i 2 L, we arrive at 

«i4(V^y «3=4(V-V «5=K^-V ( 3 - 68 ) 

1 6 \2m Q J 3 ^ V 2 ^Q/ 2 \2m Q J v ; 

The results (3.59), (3.62) and (3.68) agree with the quark model calculations [17]. 
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Next we tackle the light-quark electromagnetic currents, which give rise to the 
magnetic couplings a\-aQ. In the heavy quark mass expansion, we again write 

ai = a° + af 2^-, (3.69) 

where % = 1, 2, • • • , 6. The relations among a°'s were derived in Ref.[17] by eval- 
uating the matrix elements for B% — > + 7, Bq(Bq) ^53 + 7 and Bq(Bq) — > 
5 6 (fi*) +7. We find 

a° 3 = -^a?, a° 5 = —eft, a\ = V3a° 2 , a° 6 = 0. (3.70) 

We shall follow the previous procedure to obtain the sub-leading contributions. 
For .B3 — > i?3 + 7, we have 

G 3M = <S 3 (T;, a , )|<T | rf 4 x[Oi( a ;)+O 2 ( a ;)]j^(0)| J B3(t;, S )) m , (3.71) 

where the subscript m indicates magnetic contributions only. As in the previous 
section, we shall set the charge matrix Q = 1 and suppress all the flavor quantum 
numbers in the subsequent discussions. 

Since the operator 0\ does not alter the Lorentz structure of light constituents' 
matrix element, the magnetic form factors in Eq.(3.71) receive no contributions 
from 0\ [17]. The contribution from O2 is given by 



^ = --£r( B *M\ iT J d 4 xh v a aP G^h v3 ; m (0)\B- 3 (v,s)) 7 



4:fnQ 
= 9s 

where 



u(v, s')a af3 u(v, s)(M| /3/i ) m , 



(3.72) 



= (0| %T J d 4 x <P v G aP f™<pl |0) . (3.73) 
Since must be antisymmetric with respect to the indices a, (3 and obeys con- 



34 



straints from both parity and electromagnetic current conservation, one concludes 



M apn = -i5(g^ a k/3 - gtfk a ), (3.74) 



where 5 is a constant independent of the heavy quark mass and k is the photon's 
momentum. In parametrizing , we restrict ourselves to the structures linear in 
k since we are only interested in magnetic interactions. The same simplification will 
be assumed in the subsequent discussions. Substituting Eq.(3.74) into Eq.(3.72), 
we arrive at 



= 7^ u ( v ' s , )<Tp,k"u(v, s). (3.75) 
Eq.(3.75) corresponds to a change in the transition amplitude for B% — > B% + 7: 



AT(B- 3 ^B- 3 + 1 ) = (B- 3l (k,e)\iT J d 4 x0 2 (x) [-^(0)^(0)] \B S ) 

9sS 



(3.76) 



4rriQ 
where 

F[iv = i{k^£ v — k v Ey). (3.77) 
(2) 

Comparing Eq.(3.76) with £ v B , we conclude that 

«6 = f£ (3-78) 

Since a[] = 0, the amplitude for the magnetic transition B% — > B^ + 7 is suppressed 
by A/2mQ. For Bq(Bq) — > ,83 + 7, the operator O2 gives a contribution to the 
electromagnetic form factor 

G 63 M = "r 2 - < 5 3(^ 0| <r / d 4 xh v a a pG a Ph v f™(0) \B 6 (v, s, «)> 

J (3.79) 



4mg 

{/s -M(t;, S / ) ( T^(t;, S ,«:)(M a/3/i ,) m , 



4mg 
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where 

M a ^ v = <0|iT y d 4 x faG^j™^ |0) . (3.80) 

The most general structure of M a p^ v relevant to the magnetic transition is given 
by 

Mapnv = (fiW^/3AK - 9f3v^^a\K)k X V K t, (3.81) 

where t is a constant independent of the heavy quark mass. Eqs.(3.79) and (3.81) 
give 



Ar 2 (6* - 3) = (B- 3l (k,e)\iT J d 4 x0 2 (x) [-^(0)^(0)] \B* 6 ) 



9st 
^rriQ 



(3.82a) 



A r 2 (6 -> 3) = ±= u-sa^ue. (3.826) 

ZrriQ V3 



Comparing Eq.(3.82) with C^ B , we find 



a^K^-Lj, (3.83a) 

a% = | (W + , (3.836) 

where the spin-symmetry-preserving contributions proportional to t' come from 
the operator 0\. 

Finally we consider the couplings a\ , a§ and a§, which are relevant to magnetic 
transitions among sextet baryons. The relevant matrix element is 

Gm» = (B 6 (v' : s', k')\iT J d^p^x) + O 2 (x)]j; m (0) \B 6 (v, s, n)) m . (3.84) 

Particularly, we shall focus on the contribution from the operator 2 , which is 
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given by 

G 2 66fI = (B 6 (v, s', k) I %T J d 4 xh v a a(5 G^h v3 ; m (0) \B 6 (v, s, «)), 



4mQ 
= 9s 

where 



(3.85) 



M af3uXf , = (0| ^G^f^l )A |0) . (3.86) 
One can parametrize M a p v \^ as follows: 

+ iw 2 \gav(gfokx - gx^kp) - g^g^kx - #A M ^a)] (3.87) 
+ iwz[g a x{9i3iiK - Qiivkp) - gp\{9a»k v - g^k a )], 

where wi, w 2 and W3 are constants independent of the heavy quark mass. Eqs.(3.85)| 
and (3.87) give a contribution to the photon transition amplitude 

Ar 2 [B 6 (v, s, k) -> £ 6 (u', s', k') + 7 (A;, e)] 

= -(B 6 (v , ,s',K') 1 (k,e)\tT J d 4 xO 2 (x) 3 ; m (0)A^0)\B 6 (v,s,K)) 

= -£^B„(v', s', K')( Wl a^F a/3 g^ + 2w 2 a^F x + 2w 3 <T Xf) Ff)B x (v, s, k). 

(3.88) 



Let us denote 



where 



Ar 2 = -J^(5 1 + 5 2 + 5 3 ), (3.89) 
4mg 



51 = wiS'V, s', K')a al3 F aj3 B v {v, s, k), (3.90a) 

5 2 = 1w 2 B v [v\ s', K')a vP F p xB X {v, s, k), (3.906) 
03 = 2w 3 B v (v', s', K')a^F^B x (v, s, k). (3.90c) 



37 



Making uses of the identities for the Dirac matrices stated earlier and 

{<V, 7a} = 2e^ AK 7 K 75, (3.91a) 

7a] = -2i(9ii\lv ~ 9v\ln), (3.916) 

7 A ^7A = 0, (3.91c) 

u x (v)a^F^u x (v) = 2iu»{v)F^u v {v), (3.91rf) 



we obtain 



5i(6* -> 6*) = wiu v <T a ^F afi u v , (3.92a) 



<Ji(6* - 6) = --^wie^^^F^, (3.926) 



<Ji(6 - 6*) = --^ Wl e^ AK % 7 ,F A ^, (3.92c) 



^(6 -> 6) = i^iMo- a/3 F a/3 M, (3.92a') 
o 



5 2 (6* -> 6*) = -w 2 u v a ap F a pu v , (3.93a) 



5 2 (6* - 6) = A^^y^A^M (3. 936 ) 



5 2 (6 - 6*) = -^=w 2 €^ Xk u^F Xk u, (3.93c) 



5 2 (6 -> 6) = -\w 2 ua ap F a pu, (3.93d) 
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o 3 (6* - 6*) = -W3U v <T af} F a pu v , 
h(6* - 6) = -_L W3e/i ^ 7 -F A ^, 

<5 3 (6 - 6*) = ^ge^Vy^u, 



4 a 

o" 3 (6 -> 6) = --w 3 ua ap F ap u, 



(3.94a) 
(3.946) 

(3.94c) 

(3.94d) 



Collecting all the terms yields 



Ar 2 (6* -> 6*) = --^(wi - iu 2 - wz)u"G ap F a pu v , (3.95a) 



4m 



Ar 2 (6* -> 6) = 



Ar 2 (6 -> 6*) = 



2 2 

H = U>2 



4m Q V v 7 ^ a/3 \/3 



e^u^F^u^ (3.956) 



4mg 



(2 1 2 \ 

- -jf»2 + ^^3) e^xnU^F^u, (3.95c) 

(3.95a 1 ) 



A r 2 (6 - 6) = Q^i - ^ 2 - ^3 ) ua^F ap u 

(2) 

When Eq.(3.95) is compared with C v B , we have 



n c_ 9s 

u-\ — — 

1 2A 



w H — (w\ — 4w2 — 4w 3 ) 
3 



a3_ 2A 



ilo — 



9s_ 
2 A 



\/3 1 , „ „ N 

— w + —={—2w\ -W2 + 2u? 3 ) 
2 a/3 



v 7 ^ 1 , n 

■— W + —j=(—2wi + 2lV2 - W3) 

2 v3 



(3.96a) 



(3.966) 



(3.96c) 



n c _ 9s 

(ic — 

5 2A 



— -W + (W\ —W2 — W3) 



(3.96d) 

where we have included the contributions proportional to w from the spin symmetry 
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preserving operator 0\. Again, we will assume that the phases of the heavy baryon 
fields have been so chosen that the coupling constants are real. Then a§ = a§* gives 

w 2 = w 3 , (3.97) 

and 

9s ( M 1 8 \ 

-—w - + -j=w 2 j , (3.986) 

a ° 5 = ~2K {~l w + W1 ~ 2w2 ) ' (3 - 98c) 

It is clear from Eqs.(3.78), (3.83) and (3.98) that to order 0(1 /tuq) all the spin 
symmetry relations among the coupling constants aj for radiative transitions are 
broken. 

Eqs.(3.16), (3.36) and (3.55) are the main results in this section for the strong 
coupling constants gi,---,g&, and (3.78), (3.83), (3.98) for the electromagnetic 
transition couplings a\, • • • , q,q. 



(3.98a) 
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4. Discussion 

In this work we have carried out a systematic theoretical study of the order 
1/rriQ effects to the heavy meson's and heavy baryon's chiral Lagrangian for strong 
and electromagnetic interactions. There are two distinct corrections at this order. 
The first is a kinematic correction required by reparametrization invariance. In 
practice, this effect for simple processes such as decays can be largely taken into 
account by using the full momentum P of a heavy particle and the corresponding 
polarization vector or Dirac spinor instead of parametrizing it by P = Mjjv + k 
and dropping the residual momentum k. The second effect is a dynamic correction 
induced by the order 1/mg terms in the QCD Lagrangian which break the flavor- 
spin symmetry of the heavy quarks. As in our earlier publications [11,17], we focus 
our attention on the interactions involving only the first order in the momentum 
of a Goldstone boson or a photon. To this order, not surprisingly, the heavy 
quark symmetry breaking interactions of QCD do not produce any new types of 
interactions for the heavy hadrons with the Goldstone bosons or photons. Instead, 
their effects make order 1/mg corrections to the coupling constants in the heavy 
hadron's chiral Lagrangian. 

To order I/itlq, QCD contains one operator 0\ [see Eq.(1.15c)] which breaks 
only the heavy flavor symmetry, and a second operator O2 [see Eq.(1.15d)] which 
breaks the flavor-spin symmetry of heavy quarks. For a given heavy flavor, the 
effects due to 0\ can be absorbed by the coupling constants which satisfy the heavy 
quark spin symmetry. Effectively, the operator 0\ does not introduce any new 
unknowns. On the other hand, the operator O2 introduces new unknowns of order 
1/rriQ which break the spin symmetry relations among the coupling constants. In 
the heavy meson sector, there is one new unknown each in the strong interactions 
and electromagnetic interactions, respectively. In the heavy baryon sector, there 
are five new unknowns of order l/mg to describe the six strong interaction coupling 
constants gi, • • • ,#6- There are four new unknowns to describe the six radiative 
transition coupling constants ai, • • • , qq. In particular, the reactions B% — > + n 
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and B% — > i?3 + 7 which are forbidden in the infinitely heavy quark limit have 
coupling strength of order 1/m.Q. In reducing the number of unknowns, we have 
appealed to the charge conjugation symmetry for certain processes and the reality 
of the coupling constants associated with them. This can always be accomplished 
by a proper choice of the phases for the field operators of the heavy hadrons. For 
example, in our quark model calculations in Refs. [11,17], all the coupling constants 
are indeed real. 

These new unknowns depend on the QCD's long distance dynamics of light 
quarks and gluons. In principle, they are calculable numerically in lattice QCD. 
At a more pheomenological level, the quark model has no simple predictions for 
them either, unlike the coupling constants in the infinitely heavy quark limit. 
Nevertheless, it is important to consider the sizes of these corrections as they 
affect the strong and electromagnetic interaction physics of the heavy hadrons, 
especially the charmed mesons and baryons. For this purpose, it is perhaps useful 
to calculate those corrections in the quark model and the MIT bag model with 
some specific pheomenological wave functions for the heavy hadrons. 

We will illustrate the last point by a problem of practical interest. For the 
heavy meson chiral Lagrangian C^ pp ,, the HQS relation / = 2g is modified by 
1/rriQ corrections. The splitting of / and 2g, 5 = 2g — /, will contribute to SU(3)- 
violating corrections to the heavy-meson hyperfine splitting. Such corrections are 
characterized by the parameter [26] 

A P = (M P: - M Ps ) - (M P * - M Pd ). 

In the charmed meson case, experimental data give [27,28]: 

A D = 0.9 ± 1.9 MeV. (4.1) 

On the theoretical side, a one-loop calculation based on the heavy-meson chiral 
Lagrangian given by Eq.(2.1) has recently been performed [23]. In this work Ap> 
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is obtained by evaluating the self-energy diagrams of D and D*, where each dia- 
gram contains one insertion of the residual mass term AM 2 P(v )P*(y) appearing 
in C^ pp «. By retaining m s \nm s and nr?J 2 corrections, it was found that, to the 
order of l/m c [23], 

Ad = +95 MeV. (4.2) 

In comparison with the experimental value given by Eq.(4.1), this result is larger 
by almost two orders of magnitude! In addition to obtaining Eq.(4.2), the authors 
of Ref. [23] also estimated other contributions to Ap>, which are of the same or- 
der or one order higher. As they pointed out, one had to include an additional 
contribution which is quadratic in Goldstone boson masses. Such corrections arise 
from the chiral-loops mentioned above plus the counterterms listed below (see also 
Ref.[l]): 

O p = axMpPttM^ + &M&)P\ 

(4.3) 

O p =a 2 M P *P*MM^ + ^M^)P^, 



where 




M = m d . (4.4) 



The counterterms O p and O p contribute to because there will be a deviation 
from the spin-symmetry relation a\ = — «2 at the order of l/m c . By a naive di- 
mensional argument, Randall and Sather estimated this contribution to be about 
20 MeV in magnitude. Furthermore, they noted that the 0(1/ m 2 c ) contributions 
to Ad could also be as large as 10 MeV in magnitude. These large individual cor- 
rections raise interesting questions on the reliability of chiral perturbation theory 
and/or I/tjiq expansion. Given all these large contributions, the authors suggested 
that there may be accidental cancellations among various terms so that the resul- 
tant Ajj is small. Although this might indeed be the case, we would like to point 
out that the calculation done in Ref. [23] is not complete at order l/m c . Specifically 
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it missed those effects induced by the splitting of / and 2g in the self-energy dia- 
gram depicted in Fig.l. At the order of l/m c , 5 is finite, and D and D* will acquire 
different mass-shifts which contributes to the hyperfine splittings of heavy mesons. 
Since the difference between D and D* mass-shifts is SU(3) flavor dependent, it 
therefore contributes to the parameter Ap. Denoting this extra contribution as 
A' D , we find 

«, - {m - h& - (f ) m> < <4 - 5) 

where x = fS, and we have suppressed contributions proportional to (Md s — AfpJ 2 
or higher since they are found to be negligible. The first term in Eq.(4.5) can be 
easily obtained from Eq.(4.3) of our forthcoming paper [1] (see the footnote there 
for details). The second term emerges as one takes into account the splitting of 
the strange and non-strange heavy-meson masses. Now for numerical analyses, we 
shall take A x « 1 GeV [29], and the fitted value of (M Da -M Dd ) = 99.5 ±0.6 MeV 
[27]. In view of large positive value in Eq.(4.2), one would favor a negative A^ 
to counteract it. This requires x to be positive or, in other words, Ag 2 > f 2 . At 
this point, we do not plan to perform any model-calculation of x. Nevertheless, 
a crude estimation of x can be obtained by dimensional arguments. If we assume 
that the heavy quark expansion at the hadronic level is governed by the parameter 
A x /2mg [22], we would roughly expect that 



5 

Taking m c = 1.8 GeV and f 2 = 2 [30], we obtain 



0[p^\. (4.6) 



\x\ 



0(0.3). (4.7) 



If one simply assumes x = 0.3/ 2 = 0.6, then A'^ = —62 MeV. If x is indeed 
positive, this would provide a substantial cancellation to the result of Eq.(4.2). 
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The cancellation would be further enhanced if the contribution from Eq.(4.3) is also 
negative. Unfortunately, there still exists no data to support this claim. In fact, 
there is also no experimental evidence for a positive x. Certainly, a negative x would 
make the situation even more troublesome. At any rate, we want to emphasize 
that one should include the effect of Fig. 1 when computing the parameter Ap. 
Whether or not this effect is adequate to resolve the puzzle posed by Eq.(4.2) 
is not yet clear until one has more experimental data, and a better theoretical 
understanding [31]. 

From the above example, we have seen that the splitting of / and 2g at the 
order of 1/mg could give important effects. Similar situations may also occur in 
other parts of the heavy-hadron chiral Lagrangian. Since there are insufficient data 
to fix the parameters of the theory, it would be helpful to combine the results of this 
paper with certain model-estimation of parameters, so that quantitative predictions 
of the 1/mg correction can be made. We shall leave such model studies to future 
investigation. 
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Figure Caption 

Fig.l An additional chiral-loop diagram which contributes to the hyperfine split- 
ting of charmed mesons. The dotted line denotes a light meson which can 
be strange or non-strange. The solid line represents a charmed meson which 
can be strange or non-strange, spin zero or spin 1. In this case, the propa- 
gator of the heavy meson contains no insertion of the mass- difference term, 
AM 2 P(v)P^(v). 
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